The process of nitrite-dependent anaerobic methane oxidation (n-damo) was recently discovered and shown to be mediated by "Candidatus Methylomirabilis oxyfera" (M. oxyfera). Here, evidence for n-damo in three different freshwater wetlands located in southeastern China was obtained using stable isotope measurements, quantitative PCR assays, and 16S rRNA and particulate methane monooxygenase gene clone library analyses. Stable isotope experiments confirmed the occurrence of n-damo in the examined wetlands, and the potential n-damo rates ranged from 0.31 to 5.43 nmol CO 2 per gram of dry soil per day at different depths of soil cores. A combined analysis of 16S rRNA and particulate methane monooxygenase genes demonstrated that M. oxyfera-like bacteria were mainly present in the deep soil with a maximum abundance of 3.2 × 10 7 gene copies per gram of dry soil. It is estimated that ∼0.51 g of CH 4 m −2 per year could be linked to the n-damo process in the examined wetlands based on the measured potential n-damo rates. This study presents previously unidentified confirmation that the n-damo process is a previously overlooked microbial methane sink in wetlands, and n-damo has the potential to be a globally important methane sink due to increasing nitrogen pollution.
activity | methane cycle | overlooked methane sink N itrite-dependent anaerobic methane oxidation (n-damo) is a recently discovered process that was reported to be performed by "Candidatus Methylomirabilis oxyfera" (M. oxyfera) (1, 2). The n-damo process constitutes a unique link between the two major global nutrient cycles of carbon and nitrogen (1) . Furthermore, it may act as an important and overlooked sink of the greenhouse gas methane (3) . Methane is greater than 25-fold more effective at trapping heat than is carbon dioxide (CO 2 ) on a per-molecule basis and is responsible for 20% of global warming (4, 5) . The n-damo process may alleviate the greenhouse effect by converting methane to CO 2 .
Although several enrichment cultures of M. oxyfera-like bacteria have been obtained from freshwater sediments (1, (6) (7) (8) and peatlands (9) , the distribution of these bacteria in environments is not well understood. Two recent studies reported the presence of M. oxyfera-like bacteria in two freshwater lakes, Lake Constance (10) in Germany and Lake Biwa in Japan (11) . Wang et al. (12) and Zhu et al. (9) reported the distribution of M. oxyfera-like bacteria in a paddy field and in a minerotrophic peatland, respectively. In addition, Shen et al. (13, 14) recently reported the distribution of M. oxyfera-like bacteria in the sediments of Qiantang River (China) and Jiaojiang Estuary (China). However, molecular evidence for the presence of M. oxyfera-like bacteria is not a definitive indication of the occurrence of n-damo process. To date, direct evidence to support the occurrence of n-damo in the environment was lacking. Deutzmann and Schink (10) used radiotracer experiments ( 14 CH 4 ) to detect n-damo activity in Lake Constance. The lake sediments were evaluated by tracking 14 CO 2 formation in the presence of different electron acceptors, including nitrate, nitrite, sulfate, and oxygen. It was found that the addition of nitrate led to a significant increase in 14 CO 2 formation, suggesting the occurrence of n-damo in this lake (10) .
Wetlands are the world's largest natural source of methane, accounting for ∼20-40% of total methane emissions (5, 15) . The n-damo is predicted to occur near the oxic-anoxic interface, having low concentrations of oxidizable substrates other than methane, as well as low level of sulfate and high level of nitrate (16) . Such conditions prevail in anoxic wetlands (17) . To date, however, there have been no reports of direct evidence for the occurrence of n-damo in wetlands.
The primary objective of this study was to determine whether n-damo acts as a previously overlooked methane sink in wetlands. To achieve this objective, three different types of freshwater wetlands, including the Xiazhuhu wetland (natural wetland), the Xixi wetland (urban wetland), and a paddy field (man-made wetland), were studied in southeastern China. The potential n-damo rates in these three wetlands were determined using 13 CH 4 isotope-labeling experiments. The distribution and diversity of M. oxyfera-like bacteria were studied based on 16S rRNA and particulate methane monooxygenase (pmoA) gene clone library analyses, and the abundance of these bacteria was quantified by quantitative (q) PCR.
Significance
Given the current pressing need to more fully understand the methane cycle on Earth, in particular, unidentified sinks for methane, identifying and quantifying novel sinks for methane is fundamental importance. Here, we provide previously unidentified direct evidence for the nitrite-dependent anaerobic methane oxidation (n-damo) process as a previously overlooked microbial methane sink in wetlands by stable isotope measurements, quantitative PCR assays, and 16S rRNA and particulate methane monooxygenase gene clone library analyses. It is estimated that n-damo could consume 4.1-6.1 Tg of CH 4 m −2 per year in wetlands under anaerobic conditions, which is roughly 2-6% of current worldwide CH 4 flux estimates for wetlands. Given the worldwide increase in nitrogen pollution, this methane sink may become more important in the future.
Results
Physicochemical Characteristics of the Wetlands. The vertical profiles of the redox potential, pH, temperature, ammonium, nitrite, nitrate, total nitrogen, organic carbon, and methane of the soil cores at 10-cm intervals are shown in Fig. S1 . The redox potential showed a decreasing trend from the surface layer to the deep layer, which decreased from 62.3 to 19.0, 43.9-23.8, and 69.2-20.4 mV, respectively, in soil cores collected form the Xiazhuhu wetland, the Xixi wetland, and the paddy field, suggesting the anoxic conditions of the soil cores. The soil nitrite concentration of soil cores collected from the Xiazhuhu wetland peaked at 10-to 20-cm depth and then decreased with depth from 2.18 to 0.12 mg·kg −1 N and rapid decrease of nitrite concentrations were observed at depths of 20-30, 50-60, and 90-100 cm (Fig. S1) . The soil nitrite concentration of soil cores collected from the paddy field also peaked at 10-to 20-cm depth and then decreased with depth from 1.12 to 0.16 mg·kg −1 N, and rapid decreases of nitrite concentrations were observed at depths of 10-30, 50-60, and 90-100 cm (Fig. S1 ). The soil nitrite concentration of soil cores collected from the Xixi wetland decreased with depth from 1.72 to 0.15 mg·kg −1 N, and rapid decreases of nitrite concentrations were observed at depths of 20-40, 50-60, and 90-100 cm (Fig. S1 ). For the methane, the electron donor of n-damo, showed increasing trends with depth (Fig. S1 ). The concentration of methane in soil gas collected from the Xiazhuhu wetland increased with depth from 3.1 × 10 3 to 5.5 × 10 4 mg·m −3 , and rapid increases of methane concentrations were observed at depths of 50-60 and 90-100 cm. The methane concentration of soil cores collected from the Xixi wetland increased with depth from 8.9 to 3.2 × 10 4 mg·m
, and rapid increases of methane concentrations were also observed at depths of 50-60 and 90-100 cm. The methane concentration of soil cores collected from the paddy field increased with depth from 8.7 × 10 2 to 1.0 × 10 5 mg·m
, and rapid increases of methane concentrations were observed at depths of 10-30, 50-60, and 90-100 cm. It was hypothesized that the methane at the layers of 20-30, 50-60, and 90-100 cm has the potential to be oxidized anaerobically via nitrite because of the observed opposing gradients of methane and nitrite. The sulfate, which is the most common electron acceptor for anaerobic methane oxidation (AOM) in marine environments (4), was below the detection limit (∼2 mg·kg −1 S) in all core samples, whereas the turbidimetric method used for determination of soil sulfate is not very sensitive. Therefore, the possibility that the below-ground methane could also be oxidized via sulfate cannot be excluded. Based on the above observations, a total of nine core samples collected from depths of 20-30, 50-60, and 90-100 cm of each wetland were selected for further molecular analyses and activity tests.
Phylogenetic Analysis of M. oxyfera-Like 16S rRNA Genes. Phylogenetic analyses showed that the recovered 16S rRNA gene sequences were grouped into eight separate clusters, which were assigned to two groups of M. oxyfera-like bacteria, groups A and B ( Fig. 1 ), according to Ettwig et al. (6) . Sequences of cluster I, which were recovered from the Xixi wetland, showed a high similarity to the 16S rRNA gene of M. oxyfera at 97.2-97.8% identity. Sequences of cluster II, which were recovered from the paddy field, were less similar to the 16S rRNA gene of M. oxyfera, showing 95.6-96.7% identity. Sequences of cluster III, which were recovered from the Xiazhuhu wetland, showed 94.7-95.4% similarity to the 16S rRNA gene of M. oxyfera. Sequences of clusters IV and V, which were recovered from the Xixi wetland, showed 92.6-92.8% and 91. .4% identities to the 16S rRNA gene of M. oxyfera, respectively. Sequences of clusters VI and VII, which were recovered from the paddy field, showed 91.2-91.6% and 90.4-90.8% identities to the 16S rRNA gene of M. oxyfera, respectively. Sequences of cluster VIII, which were recovered from the Xiazhuhu wetland, showed only 88.2-90.1% identity to the 16S rRNA gene of M. oxyfera. Furthermore, the most abundant clone sequences at depths of 50-60 and 90-100 cm were affiliated with group A, whereas the majority of sequences recovered from depth of 20-30 cm were affiliated with group B (Fig. 1 ).
Phylogenetic Analysis of M. oxyfera-Like pmoA Genes. Phylogenetic analyses showed that the retrieved pmoA gene sequences were grouped into three distinct clusters (Fig. 2) , which was consistent with the detection of three distinct clusters of 16S rRNA genes in group A (Fig. 1) . Sequences of cluster I that were recovered from the Xixi wetland showed 90.5-91.3% similarity to the pmoA gene of M. oxyfera. Sequences of cluster II, which were recovered from the paddy field, showed 88.4-89.5% identity to the pmoA gene of M. oxyfera. Sequences of cluster III that were recovered from the Xiazhuhu wetland showed 85.6-86.4% identity to the pmoA gene of M. oxyfera. Moreover, the pmoA gene sequences were only detected within the deeper layers (50-60 and 90-100 cm) of the soil cores, and pmoA gene sequences were not detected in the upper layer (20-30 cm) (Fig. 2) .
Diversity of M. oxyfera-Like 16S rRNA and pmoA Genes. Similar levels of M. oxyfera-like 16S rRNA gene diversity were observed in the Xiazhuhu and Xixi wetlands (Table S1 and Fig. S2 ). DOTUR analysis indicated that a total of five operational taxonomic units (OTUs) were observed in the Xiazhuhu and Xixi wetlands, respectively, based on a threshold of 3% difference in the recovered 16S rRNA gene sequences. A higher diversity of M. oxyfera-like 16S rRNA genes was observed in the paddy field having nine OTUs. The diversity of M. oxyfera-like pmoA genes was lower than the 16S rRNA gene diversity. DOTUR analysis indicated that only one OTU was detected in the three wetlands based on a threshold of 7% difference in the recovered pmoA gene sequences (Table S1 and Fig. S2 ).
Abundance of M. oxyfera-Like Bacteria. The copy numbers of M. oxyfera-like 16S rRNA genes in the nine core samples were determined using qPCR, as previously described (6) . The copy numbers of M. oxyfera-like 16S rRNA genes varied from 3.0 ± 0.5 × 10 , and 1.5 ± 0.2 × 10 6 to 4.5 ± 0.3 × 10 6 copies per gram of dry soil in the Xiazhuhu wetland, the Xixi wetland, and the paddy field, respectively. The copy numbers of M. oxyfera-like 16S rRNA genes varied at different depths of soil cores collected from the three wetlands, with the highest copy number detected at a depth of 50-60 cm (Fig. 3A) .
Potential Rates of n-damo Process. Stable isotope tracer experiments were conducted on the nine samples to determine the potential rates of n-damo in the examined wetlands. The results showed that for the slurries amended with only 13 CH 4 , no significant accumulation of 13 CO 2 was observed at any soil core depth (except for the 20-to 30-cm soil core depth of the Xixi wetland and the paddy field) (Fig. 4) , indicating that the levels of ambient dissolved oxygen and NO x − in most incubations were so low after preincubation that can't be used by methane-oxidizing bacteria. When both 13 CH 4 and NO 2 − were present, 13 CO 2 accumulated at each analyzed depth for the majority of soil cores (Fig. 4) , suggesting the occurrence of n-damo. For those slurries amended with 13 CH 4 and SO 4 2− , however, 13 CO 2 values remained near background levels in each of soil incubation (Fig. 4) , indicating a lack of discernible activity of sulfate-dependent AOM in the examined soil samples. The potential n-damo activities ranged from 0.31 ± 0.06-5.43 ± 0.19, 0.68 ± 0.13-4.92 ± 0.04, and 1.68 ± 0.03-2.04 ± 0.06 nmol of CO 2 per gram of dry soil per day in the Xiazhuhu wetland, the Xixi wetland, and the paddy field, respectively. It was found that the potential n-damo activity in the deeper layers (50-60 and 90-100 cm) was much higher than in the upper layer (20-30 cm) (Fig. 3B) . The highest potential n-damo rates were detected at a depth of 50-60 cm for the Xiazhuhu and Xixi wetlands and at 90-100 cm for the paddy field. In contrast, the lowest potential n-damo activity was observed at 20-to 30-cm depth for the Xiazhuhu and Xixi wetlands, and the potential ndamo activity was below the detection limit at a depth of 20-30 cm for the paddy field.
Discussion
In this study, the potential role of n-damo as a previously overlooked methane sink was studied in three different types of freshwater wetlands. The presence of M. oxyfera-like bacteria was confirmed by 16S rRNA and pmoA gene clone library analyses. qPCR results further confirmed the presence of M. oxyfera-like bacteria throughout the examined soil cores, with abundance varying from 1.5 × 10 6 to 3.2 × 10 7 16S rRNA gene copies per gram of dry soil. Incubations using 13 CH 4 tracer indicated the occurrence of n-damo in the majority of the examined soil cores, and the potential n-damo rates ranged between 0.31 and 5.43 nmol CO 2 per gram of dry soil per day. Taken together, these results demonstrate that the n-damo process represents a previously overlooked microbial methane sink in wetlands.
The distribution and diversity of M. oxyfera-like bacteria have been studied in a limited number of freshwater lakes, rivers, and wetlands. For example, based on the detection of M. oxyfera-like 16S rRNA genes, three and five OTUs have been observed in profundal and littoral sediments of Lake Constance (10), respectively, and six OTUs have been found in profundal sediments of Lake Biwa (11) . A relatively higher diversity of M. oxyfera-like 16S rRNA genes has been reported in freshwater river sediments, with a total of 15 OTUs (13). M. oxyfera-like pmoA gene sequences have been detected in Lake Constance (10), Lake Biwa (11), Qiantang River (13), Jiaojiang Estuary (14) , and the deep layer of paddy soil (12) and peatland (7). DOTUR analysis of pmoA genes deposited in GenBank showed that pmoA genes recovered from these habitats were very closely related to one another (with only one OTU being observed for each habitat), except for the Qiantang River (13) and Jiaojiang Estuary (14) , for which a total of 13 and 16 OTUs were observed, respectively. In this study, a total of five, five, and nine OTUs of 16S rRNA genes from M. oxyfera-like bacteria were observed in the Xiazhuhu wetland, the Xixi wetland, and the paddy field, respectively, and only one OTU of pmoA genes was observed in the three wetlands (Table S1 and Fig. S2) . Thus, the diversity of M. oxyfera-like 16S rRNA genes and pmoA genes in the examined wetlands was similar to the diversity observed in the reported lake sediments and wetlands but lower than the diversity observed in river sediments and estuarine sediments.
Previous studies demonstrated that group A of M. oxyfera-like bacteria was the dominant bacteria responsible for carrying out the n-damo process (1, 6-10, 18). The most abundant clone sequences of the 16S rRNA genes obtained from the deeper layers (50-60 and 90-100 cm) of the examined soil cores were affiliated with group A, whereas most sequences detected in the upper layer (20-30 cm) were affiliated with group B (Fig. 1) . Furthermore, pmoA genes of M. oxyfera-like bacteria could only be recovered from the deeper layers (50-60 and 90-100 cm) of the examined soil cores, whereas they could not be recovered from the upper layer (20-30 cm; Fig. 2 ). These results are in agreement with those obtained from other studies, in which group A M. oxyfera-like bacteria and pmoA genes were both present in deep profundal sediment of lakes (10, 11) and the A B Fig. 3 . The abundance of M. oxyfera-like bacteria (A) and the potential ndamo rates (B) of soil cores collected from the three wetlands.
deep layer of paddy fields (12) and minerotrophic peatlands (9), all of which are characterized by stable environmental conditions and the coexistence of methane and nitrate/nitrite. qPCR showed that M. oxyfera-like bacteria were present throughout the examined soil cores, and their 16S rRNA gene abundance varied from 1.5 × 10 6 to 3.2 × 10 7 copies per gram of dry soil, which is similar to values reported for minerotrophic peatland and river sediments (10 6 -10 7 copies per gram of dry soil) (9, 13) . In the present study, a higher abundance of M. oxyfera-like bacteria was observed in the deeper layers (50-60 and 90-100 cm) (Fig. 3A) . These results are similar to those observed in peatland, where a higher abundance of M. oxyfera-like bacteria was found in the deep layer (80-85 cm) relative to shallow layers (9) .
In addition to the presence of M. oxyfera-like bacteria, stable isotope experiments confirmed the occurrence of n-damo in the examined wetlands. In incubations amended with only 13 CH 4 , it was observed that a very small amount of 13 CO 2 seemed to be accumulated at a depth of 20-30 cm of the Xixi wetland (0-20 h) and the paddy field (0-10 h) (Fig. 4) . This may indicate that the preincubation did not remove all of the ambient nitrite at a depth of 20-30 cm of these two wetlands, which a relatively higher nitrite concentration than was observed in situ (Fig. S1) . Therefore, it is likely that the residue nitrite after preincubation stimulates the production of 13 CO 2 in incubations amended with only 13 CH 4 at a depth of 20-30 cm of the Xixi wetland and the paddy filed. In addition, it was found that significant amount of 13 CO 2 accumulated at each analyzed depth (especially at depths of 50-60 and 90-100 cm) for the majority of soil cores in incubations amended with 13 suggests that the oxidation of methane in the examined soil cores is driven by nitrite (not sulfate) under anoxic conditions, and the n-damo is limited by nitrite under in situ conditions. Previously, direct evidence for the occurrence of n-damo in natural environments had been lacking. Recently, Deutzmann and Schink (10) reported the occurrence of n-damo in Lake Constance using radiotracer experiments, with a potential activity of 1.8-3.6 nmol of CO 2 per milliliter of sediment per day. However, the slurries were incubated for weeks to months, indicating that microbial growth should be taken into consideration. Besides, because a high concentration of nitrate (2 mM) was added for determining the potential n-damo activity in this reported study, the occurrence of the recently reported AOM coupled to nitrate reduction cannot be ruled out (19) . In addition, Zhu et al. (9) investigated the potential importance of n-damo in a minerotrophic peatland. After 3 mo of incubation using 13 CH 4 and NO 2 − amendments, the deep soil core layer (80-100 cm) clearly showed n-damo activity, producing 9.0 nmol of CO 2 per gram of soil per day. However, methane oxidation was not detected within the first 2 wk of incubation, indicating that the increase of n-damo activity was attributable to the enrichment and growth of M. oxyfera-like bacteria. In the present study, n-damo activity was confirmed in the majority of the examined soil core samples within 20 h of incubation (Fig. 4) . Higher potential n-damo rates were observed in the deep layers of examined wetlands (Fig. 3B) , where a high abundance of group A M. oxyfera-like bacteria was observed relative to the surface layer (Fig. 3A) . A recent study has demonstrated that the addition of oxygen to M. oxyfera-like enrichment cultures results in an instant decrease in the methane and nitrite conversion rates (20) . Therefore, the low abundance of M. oxyfera-like bacteria and the low potential n-damo rates observed in the upper soil layer may be caused by the possible penetration of oxygen into this layer, which has a negative effect on the abundance and activity of these anaerobes.
The incubation experiments that mimicked the in situ soil nitrite and methane concentrations were conducted in the current study. The in situ concentrations of NO 2 − were 0.12-2.18, 0.15-1.72, and 0.16-1.12 mg·kg −1 N in soil cores collected from the Xiazhuhu wetland, the Xixi wetland, and the paddy field, respectively (Fig. S1) . The final concentration of NO 2 − in our slurries was ∼0.67-2.16 mg·kg −1 N. This concentration was in the same range to the in situ concentration of NO 2 − measured in the examined wetlands. On the other hand, the methane concentration in the headspace of our slurries was 6.5 × 10 4 mg·m at different depths of soil cores collected from the Xiazhuhu wetland, the Xixi wetland, and the paddy field, respectively (Fig.  S1) . Thus, the methane concentration used in incubation experiments was similar to the in situ methane concentration measured at different depths of soil cores. Coexistence of high concentrations of soil nitrite (nitrate) and methane were observed in the examined soil cores (especially at the upper 60-cm depth; Fig. S1 ). However, the redox potential (19.4-60.2 mV) of the examined soil cores indicated the anoxic conditions of the soil cores. Under the anoxic conditions, the soil nitrite (nitrate) could be reduced via various biological processes (such as denitrification and anaerobic ammonium oxidation). Thus, the observed profiles of soil nitrite (nitrate) and methane in the current study may suggest a transient situation of the examined soil cores. Furthermore, the soil ammonium was extracted from the soil using 2 M KCl, and this may lead to the oxidation of ammonium to nitrite (nitrate) after 1-h extraction. In addition, it was found that the potential n-damo rates mainly peaked at a depth of 50-60 cm of the three wetlands. However, the in situ nitrite concentration at this layer (0.16-0.70 mg·kg −1 N) was substantially lower than the nitrite concentration in incubations (0.67-2.16 mg·kg −1 N). Therefore, the potential ndamo rates obtained from the incubation experiments may still overestimate the in situ n-damo rates.
It is estimated that ∼50% of the methane produced in wetlands is consumed before it reaches the atmosphere, and this important microbial methane sink is often exclusively attributed to aerobic methane oxidation (21, 22) . In the present study, the occurrence of n-damo was confirmed in three wetlands, thereby altering our understanding of the mechanisms for reducing methane emissions from wetlands. Considering that the nitrite concentration at a depth of 20-30 cm (0.49-2.18 mg·kg −1 N) was similar to the nitrite concentration in incubations (0.67-2.16 mg·kg −1 N), the average potential n-damo rate (0.33 nmol of CO 2 per gram of dry soil per day) obtained from depth of 20-30 cm of the three wetlands was used to estimate the potential importance of n-damo process as a methane sink in wetlands. Based on the average n-damo rate (0.33 nmol CO 2 per gram of dry soil per day) and the average density of soil [2.65 g·cm −3 (23)], we estimate a total of 0.51 g·m −2 ·y −1 CH 4 could be oxidized to CO 2 via n-damo in wetlands. According to this rate, n-damo has the potential to consume ∼4.1-6.1 Tg of CH 4 on average each year, assuming that the total area of the world's wetlands is 8-12 million square kilometers (24, 25) . This is roughly 2-6% of total current CH 4 flux estimates for wetlands [100-200 Tg·m −2 ·y −1 CH 4 (26) ]. However, the estimate of the environmental importance of n-damo process as a methane sink in wetlands still appears to be associated with a very large uncertainty because this process is likely to be highly variable in space and time owing to spatial and temporal heterogeneity in substrate availability and redox potential in wetlands. Thus, more studies that mimic the in situ conditions as closely as possible are required to determine the quantitative importance of n-damo as a methane sink in wetlands.
Worldwide, anthropogenic nitrogen inputs (e.g., inorganic nitrogenous fertilizer additions) are increasing rapidly in freshwater habitats, and thus nitrite and nitrate are becoming the major electron acceptors under anoxic conditions. Therefore, AOM coupled to nitrite reduction could be more likely to occur than AOM coupled to sulfate reduction in freshwater habitats. Moreover, nitrogen input to marine ecosystems via river runoff has been increasing, providing electron acceptors (nitrite/nitrate) for AOM other than sulfate which is thought to be the most common electron acceptor for AOM in anoxic marine environments (27, 28) . Therefore, the n-damo process may be globally important and has the potential to be an important methane sink in natural ecosystems due to increasing nitrogen pollution.
Conclusions
In this study, we provide previously unidentified direct evidence for the n-damo process as a previously overlooked methane sink in wetlands. Based on the measured potential n-damo rates, it is estimated that n-damo has the potential to consume 4.1-6.1 Tg of CH 4 on average each year in wetlands under anaerobic conditions, which is roughly 2-6% of total current CH 4 flux estimates for wetlands. Given the worldwide increase in nitrogen pollution, this methane sink may become more important in the future.
Materials and Methods
Site Description and Sample Collection. The Xiazhuhu wetland is located in Zhejiang Province and is the largest natural wetland in southeastern China, having a total area of 36.5 km 2 . The Xixi wetland, located in Hangzhou in Zhejiang Province, is a rare urban wetland with a total area of 11.5 km 2 . It is the first and only wetland in China combining urban life, farming, and culture. The paddy field selected for this study is also located in Hangzhou and represents a typical agricultural region of subtropical southeastern China. In each wetland, at least five soil cores were collected in September 2012. All soil cores were collected using a stainless steel ring sampler (5 cm in diameter and 100 cm in length).
Analytical Methods. The soil pH, temperature, and redox potential of the intact soil were measured in situ using an IQ150 pH meter (IQ Scientific Instruments). Ammonium, nitrite, and nitrate were extracted from the soil using 2 M KCl as previously described (29) . The soil organic carbon content was determined by the K 2 Cr 2 O 7 oxidation method, and the total nitrogen content was determined using the FOSS Kjeltec2300 analyzer (FOSS Group). Soil sulfate was extracted using calcium phosphate [Ca(H 2 PO 4 ) 2 ] and determined by barium sulfate (BaSO 4 ) turbidimetric method at 420 nm (30) . The below-ground gas samples were gathered through soil gas samplers. The polyvinyl chloride (PVC) tube connected with a rubber tube used as soil gas sampler (Fig. S3) . The PVC tubes were placed horizontally at 10-cm intervals. The end of each PVC tube was covered with nylon stocking as separator to prevent the soil from blocking the holes, and the end of each rubber tube was sealed with rubber septa. The gas samples were collected from each rubber tube through rubber septa using 100-mL polypropylene syringes. The first 20 mL of collected gas from the tube was rejected, and the remaining gas was injected into polyethylene-coated aluminum bags for further methane concentration analyses; 50-μL gas samples were withdrawn from the polyethylene-coated aluminum bags with a gas-tight glass syringe (Agilent) and injected into an Agilent 6890N gas chromatograph (Agilent) equipped with a Porapak Q column and a flame ionization detector. The oven temperature was set at 100°C, and the injection and detector temperatures were both set at 130°C.
Isotope Tracer Experiments. Soil samples of known weight were transferred to He-flushed, 75-mL glass vials together with He-purged deionized water. The soil slurries were preincubated under anaerobic conditions for at least 30 h to remove residual NO x − and oxygen as closely as possible. The slurries were subsequently split into three treatment groups receiving different amendments: 13 respectively, by injecting 100 μL of He-purged stock solution through the septa of each vial. Three independent experiments were performed for each treatment. Immediately after the preincubation step, 2 mL of headspace gas in each vial was removed and replaced with an equal volume of 13 CH 4 , resulting in a final concentration of 6.5 × 10 4 mg·m −3 methane in the headspace of each vial. The production of 13 CO 2 was measured directly from the headspace of each vial using a continuous flow isotope ratio mass spectrometer (Agilent 7890/5975C inert MSD; Agilent) as previously described (6) . The potential rates of n-damo were calculated by the linear regression of the concentration of produced 13 CO 2 in the headspace of the vial over time. The coefficients of determination (R 2 ) for linear regression of the 13 CO 2 concentration change over time were greater than 0.90 for most datasets.
DNA Extraction and PCR Amplification. Considering the importance of biological replicates as reported by Prosser (31) , at least two or three soil cores in each wetland were subject to molecular analyses in the current study. It was found that the community structures of M. oxyfera-like bacteria were similar at the same depth between different soil cores in each wetland. Thus, the molecular data of one representative soil core in each wetland was presented. Soil DNA was extracted using a Power Soil DNA kit (Mo Bio Laboratories) according to the manufacturer's instructions. Extracted DNA was then examined using 1.0% agarose gel electrophoresis. The 16S rRNA and pmoA genes of M. oxyfera-like bacteria were amplified using nested PCR protocols as previously described (17, 32) . Detailed information on the primers used is provided in Table S2 .
Cloning, Sequencing, and Phylogenetic Analysis. The PCR products were cloned using the pMD19-T vector (TaKaRa Bio) according to the manufacturer's instructions. Phylogenetic analysis of the sequences was conducted using Mega 5 software with the neighbor-joining method, and the robustness of tree topology was tested by bootstrap analysis (1,000 replicates).
qPCR. The copy numbers of the 16S rRNA genes of M. oxyfera-like bacteria in the collected samples were determined by qPCR, as previously described (6) . The standard curve was constructed from a series of 10-fold dilutions of a known copy number of plasmid DNA (Fig. S4) .
Statistical Analyses. The OTU cutoff values of 3% and 7% were applied to determine M. oxyfera-like 16S rRNA and pmoA genetic diversity, respectively, using the DOTUR program.
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